nanorods on FTO substrates have been proven to be promising photoanodes for solar fuel production but only with high temperature thermal activation which allows diffusion of tin (Sn) ions from FTO, eventually enhancing their conductivity. Hence, there is a trade-off between the conductivity of Fe 2 O 3 , and the degradation of FTO occurring at high annealing temperatures (4750 8C). Here, we present a comprehensive study on undoped Fe 2 O 3 nanorods under front and back illumination to find the optimum annealing temperature. Bulk/surface charge transport efficiency analysis demonstrates minimum bulk recombination indicating overall high quality crystalline Fe 2 O 3 and the preservation of FTO conductivity. Surface recombination is further improved by growing a TiO x overlayer, which improves the photocurrent density from 0.2 mA cm À2 (backside) to 1.2 mA cm À2 under front side and 0.8 mA cm À2 under backside illumination. It is evident from this study that the performance of undoped and unpassivated hematite nanorods is limited by electron transport, whereas that of doped/passivated hematite nanorods is limited by hole transport.
Introduction
It is hoped that the growing global energy demands can be met by solar fuel production arising from novel technological advancements. Hematite, as a photoanode, has been used profoundly with different strategies to improve its performance in PEC devices. [1] [2] [3] [4] Apart from techniques like doping, surface treatment, integration with a co-catalyst or a heterojunction, one of the fundamentally employed strategies is thermal activation of hematite (Fe 2 O 3 ) photoanodes via high temperature annealing that yields a significant increase in photocurrent density. [5] [6] [7] [8] [9] [10] [11] [12] It has been shown by Ling et al. that such annealing of hematite films on FTO substrates allows diffusion of tin (Sn) from the latter into the semiconductor bulk, thus influencing its electrical properties. 13 Hence, there is a correlation between photocurrent and the Sn concentration in hematite, whereby the photocurrent increase is due to an increase in electrical conductivity with higher Sn 4+ ion diffusion. Morrish et al. reported that activation of hematite nanorods could be achieved using a longer annealing process at a relatively lower temperature. 7 High temperature annealing affects the substrate texture and reduces the electrical conductivity of FTO substrates. Hence, for a long and sustainable use, it is advisable to use comparatively lower annealing temperatures for constructing hematite photoanodes in PECs to avoid FTO deformation while allowing for thermal activation of hematite.
Here, pristine Fe 2 O 3 nanorods synthesized through a hydrothermal technique and annealed for different profiles have been reported. Photoelectrochemical characterization of these pristine films under front side and backside illumination was investigated to understand how charge transfer affects PEC performance. Pristine nanorods were then coated with a TiO x overlayer using Atomic Layer Deposition (ALD) to reduce surface recombination and improve charge transfer to the electrolyte. Characterization of photocurrent transients, electrochemical impedance spectroscopic analysis and bulk/surface charge transport efficiency evaluation were also performed to gain an insight into the charge transport in pristine and coated films. This, to the best of our knowledge, is the first report of the PEC characterization of undoped pristine and surface passivated hematite nanorods using front side and backside illumination supported by Electrochemical Impedance Spectroscopy (EIS) and measurement of bulk/surface charge transport efficiency. characterization and photoelectrochemical characterization under front and backside illumination were performed for pristine hematite nanorods (details in Sections S2 and S3, ESI †). Similar processes for fabrication and characterization were also followed for ALD grown TiO x coated thin films. The schematic representation for all fabrication processes is shown in Fig. S1 (ESI †). The charge transport for different sides of illumination i.e. backside and front side is illustrated in Fig. 1(a) . Front side illumination is when light falls on the semiconductor side resulting in charge generation near the semiconductor/electrolyte interface, whereas backside illumination is when light is directed from the FTO side and hence the photon absorption takes place near the FTO/semiconductor junction.
The XRD patterns of all the samples are presented in Fig. 1 ]: (89, 0.43). The peak intensity increases with annealing temperature up to 650 1C but decreases significantly at 750 1C probably due to deformation of FTO, as reported by Annamalai et al. 14 The FWHM was minimum and the intensity was maximum for 650 1C, 5 h, and crystallinity was the highest for these samples as compared to other samples. To compare samples diverse in their crystallinity and doping profile; only 550 1C, 2 h, 650 1C, 5 h and 750 1C, 20 min samples were compared and studied in detail. Photoelectrochemical characterization under front side and backside illumination of the other two samples was also performed as shown in Fig. S2 (ESI †). It shows that the performance for 550 1C, 5 h is identically low (o0.1 mA cm À2 ) in the range from onset potential 0 V vs. Ag/AgCl (1 V vs. RHE) to dark current onset i.e. around 0.5 V vs. Ag/AgCl (1.5 V vs. RHE) as for 550 1C, 2 h. In the same potential range, the photocurrent density for 650 1C, 1 h was lower than 650 1C, 5 h samples under back illumination.
After hydrothermal processing, FeOOH nanorods were formed as reported previously 15 (the cross-section image is shown in Fig. S3 , ESI †), with a square cross-section, sharp edges and average rod length of around 700 nm. After annealing with different profiles as mentioned above, these yellow-colored nanorods changed to orange red-colored films indicating the change of phase to a-Fe 2 O 3 (shown in Fig. S1 (ESI †)). The FESEM images of these hematite films (as shown in Fig. S4 , ESI †) confirmed the circular cross-section of Fe 2 O 3 nanorods with a diameter of around 70 nm for 550 1C, 2 h films. With higher annealing temperatures, the diameter of nanorods increased to about 100 nm probably due to the aggregation of nanorods in agreement with an earlier report by Ling et al. 13 Energy Dispersive X-ray Spectra (EDS) were obtained for 650 1C, 5 h and 750 1C, 20 min annealed films (shown in Fig. S5 , ESI †) which confirmed the presence of Sn in the latter only, due to the Sn diffused from FTO.
J-V plots for pristine hematite nanorods prepared with different annealing temperatures are shown in Fig. 2 (a). The measurements were performed under backside and front side illuminations for all samples, the schematic of which is shown in Fig. 1(a) . It was observed that the sample annealed at 550 1C, 2 h yielded very low photocurrent density for both front side and backside illumination, indicating that carrier generation and their separation were limited because of the poor charge transport properties of crystalline hematite. 13 In general, the samples showed improved photocurrent density when the annealing temperature increased to 650 1C and 750 1C for both front side and backside illuminations. This can be attributed to the effect of improved crystallinity and Sn diffusion from FTO leading to doping of Sn 4+ ions into the hematite semiconducting layer, 13 which induces additional charge carriers (i.e. electrons) in hematite nanorods. The absorption spectra of pristine nanorods under backside and front side illumination are shown in Fig. 2(b) . It is observed that the absorption decreased with increasing annealing temperature because of the agglomeration of nanorods, leading to a smaller surface area and, hence, a lesser light trapping capability. For all films, samples with front side illumination showed a higher apparent absorption as compared to the backside illumination. It is probably due to the higher reflectance by the intervening FTO layer for the backside illuminated sample, as observed from the diffuse reflectance shown in Fig. S6 (ESI †).
To further investigate the trends the photocurrent densitypotential plots show, Incident Photon to Current Efficiency (IPCE) spectra were evaluated for all the samples as shown in Fig. 3 (a). With increasing annealing temperature, the IPCE increased as in the case of photocurrent density due to increasing conductivity and crystallinity. Under backside and front side illumination for respective samples, the plots exhibited a similar trend to the photocurrent density. The IPCE for front side illumination for all samples was lower than for backside which was is in contrast to the absorption spectra as shown in Fig. 2(b) , where the front side absorption for all the samples was higher than the backside absorption. Hence, even though there are less photons being absorbed, backside illumination yields higher photocurrent and IPCE than front side illumination, which is hypothesized to be due to the better charge transport driven by fast electron extraction to the back contact. This shows that the reason behind photocurrent density trends is not the change in absorption but the charge dynamics of the system. Mott Schottky analysis was performed for these films, as shown in Fig. 3 (b), which yielded a trend of decreasing slope of curves with increasing annealing temperature. As mentioned in Section S3 (ESI †), donor density increased with the decreasing slope. Hence, with higher annealing temperature, the donor density increased, probably due to an increase in the Sn diffusion from FTO into the bulk semiconductor layer. This would explain the general trend in the photocurrent density and the IPCE spectra. It must be noted that since Mott Schottky plots yield more accurate values of donor density for compact thin films with the determined geometric area, the MS plots for Fe 2 O 3 nanorods were only utilized to observe a comparative trend in donor density as opposed to the absolute values.
The trends of J-V and IPCE curves could be explained using the schematic representation of pristine nanorods under front and backside illumination, as shown in Fig. 4 . The orange colored region represents the absorption depth of around 120 nm for lowest energy photons (B550 nm) with the total nanorods length of 700 nm (represented as the red region). For the case of front side illumination, electrons have to travel a 
View Article Online
This journal is © the Owner Societies 2016
Phys. Chem. Chem. Phys., 2016, 18, 30370--30378 | 30373 longer distance to FTO as compared to backside illumination where the accumulation of charge is higher due to the close proximity of photogenerated electrons with the FTO back contact. Since the electrons are the majority carriers in an n-type semiconductor photoanode, their movement is driven by the conductivity of charge carriers in the bulk. This conductivity depends largely on carrier concentration, since hematite possesses a low electron mobility of around 10 À2 cm À2 V À1 s À1 . This can be improved by adding electronic dopants to assist n-type doping. 1 On the other hand, the minority carriers (i.e. holes) could move under electrical drift if they were generated in the depletion region or by diffusion if generated outside the space charge layer. Due to the low minority carrier diffusion length in hematite (2-4 nm), 1 transporting these holes into the electrolyte before undergoing recombination is the key to obtaining a good efficiency. Space charge regions in nanorods are formed along the edges, arising from which hole transport occurs radially outwards from their edges (semiconductor/ electrolyte interface) into the electrolyte. Since it is known that undoped and un-passivated hematite nanorods exhibit poor surface properties and slow water oxidation kinetics, the holes are trapped and accumulated at the semiconductor/electrolyte interface in both front side and backside illumination. Hence, electron transport becomes the limiting factor for photocurrent density, which defines the photocurrent in undoped/un-passivated hematite.
For 550 1C hematite, the conductivity in the bulk is very poor resulting in slow electron transport and hence in low photocurrent for both front side and backside illumination, as shown in Fig. 2(a) . Interestingly, for 650 1C hematite, the front side photocurrent is minimal due to poor electron transfer to the back contact but under backside illumination, the electron collection at the back contact is higher and hence shows significant photocurrent density. This trend for back-and front side photocurrent values is also similar to the hematite annealed at 750 1C. Backside photocurrent is relatively higher than front side photocurrent due to the proximity of photogenerated electrons to the back contact. For the 750 1C samples, the electron transport to the back contact is easier compared to front side illumination because of the increased conductivity from doping of Sn 4+ ions in the bulk. Hence, the photocurrent density under front side illumination was higher for 750 1C as compared to that for 650 1C samples. Another observation from Fig. 2(a) is the difference between the onset potential for the 750 1C annealed samples under front and backside illumination. The holes are generated in the proximity of the semiconductor-electrolyte interface under front side illumination as opposed to backside illumination. This allows easier transfer of holes under built-in field to the electrolyte and hence lower onset potential. All these interpretations confirm an earlier report by Liang et al. which showed that the limiting factor in undoped Fe 2 O 3 is the electron transport whereas for the Sn-doped Fe 2 O 3 , it is hole transport. 16 It has been shown through spectral evidence that photocurrent increased with increasing applied bias. This is due to decreasing electron density in the bulk which inhibits back electron-hole recombination in the semiconductor layer. 17, 18 This is in compliance with the photocurrent trend observed for the samples, where apparently the back electron-hole recombination mechanism is being suppressed through efficient collection of electrons at the back contact when using backside illumination.
To investigate whether shorter nanorods will affect the trend in the photocurrent density, samples deposited under conditions of 100 1C, 4 h and 100 1C, 2 h were also characterized as shown in Fig. S7 , ESI. † The trend of backside illumination being more effective than the front side illumination agreed with the samples annealed at 650 1C, 5 h; whereas the trend was reversed for 100 1C, 2 h samples annealed at 750 1C, 20 min i.e. the front side photocurrent surpassed the backside photocurrent, which could possibly be due to the increased electron conductivity that drives photocurrent under front side illumination. Since holes are generated near the semiconductor-electrolyte interface, the holes are easily injected into the electrolyte and electrons easily traverse to the back contact, implying higher photocurrent under front side illumination.
To gain an insight into hole accumulation at the semiconductor/electrolyte interface, the photocurrent density was evaluated under chopped light for both front and backside illumination as shown in Fig. 5 . The anodic transient for front side illumination was observed to be smaller than the backside illumination. This could be due to photogenerated holes being produced closer to the semiconductor/electrolyte surface and hence the hole accumulation on the surface is low. However, under backside illumination, holes accumulate on densely concentrated nanorods near FTO and hence the recombination of holes with photogenerated electrons is much higher than in the case of front side illumination.
As discussed earlier, the charge transport in the pristine films under different annealing conditions was limited to electron transport to the back contact. Hence, to explore the charge dynamics of the bulk, Electrochemical Impedance Spectroscopy (EIS) was performed for all the samples under front side and backside illumination and under dark conditions at 1.23 V vs. RHE. The Nyquist plots for these measurements are shown in Fig. 6 below. The equivalent circuit fitted along with its variables is shown in Fig. 6(b) . R s is the series resistance which depends on the contact of the external circuit with FTO, C bulk is the capacitance of the bulk semiconducting layer, R trap is the resistance of the trapping of both photogenerated charge carriers at the surface states, R ct,ss is the resistance to transfer of holes to the electrolyte through those surface states and C ss is the capacitance attributed to the surface states. This circuit helps to discuss the role played by surface states on hematite nanorods. Under dark conditions, the R CT values were very high, being of the order of 6 MO for all the films. This is expected due to the absence of minority carriers (as shown in the inset of Fig. 6(a) ). Under both backside and front side illumination, R trap and R ct,ss decreased with higher temperature annealing and were the lowest for the 750 1C samples, which implies that holes from the valence band were more likely to inject into the electrolyte through surface states rather than undergoing bulk recombination with electrons. This symbolizes the importance of Sn 4+ ion diffusion from FTO which increased the electron transport in bulk by increasing the carrier concentration and hence conductivity.
For the 650 1C samples, R trap under front side illumination was high at 14 KO whereas under backside illumination it was 1.4 KO. This denotes increased conductivity and hence low bulk recombination. This trend was similar to that of the 750 1C samples, implying that the electron transport under backside illumination was higher than the front side illumination, which followed the earlier trends shown by photocurrent density and IPCE spectra. R ct,ss under backside illumination was lower as compared to front side illumination for all annealing profiles. This could be due to lower surface recombination of holes with photogenerated electrons at the semiconductor-electrolyte interface in the case of backside illumination where electron extraction to the back contact is efficient.
To account for the bulk and surface charge transfer efficiency for the above samples, photoelectrochemical characterization in the presence of a hole scavenger, H 2 O 2 , in the electrolyte, was performed. The use of the hole scavenger allows the fast injection of holes into the electrolyte and hence the surface charge transfer efficiency, denoted Z(catalysis), with H 2 O 2 becomes unity. 19 Further details about the measurement are discussed in Section S3, ESI † while the J-V plots for all samples with 1 M NaOH + 0.5 M H 2 O 2 as the electrolyte are shown in Fig. 7(a) below. For all the samples, the backside photocurrent (J H 2 O 2 ) was higher than the front side photocurrent probably due to better electron collection in the backside while the hole transport for both sides is efficient owing to the hole scavenging properties of H 2 O 2 . The difference between front and back was small for the 750 1C annealed samples, which is due to better electron transport even for the front side owing to higher conductivity of the sample as compared to the case for other two samples. Fig. 7(b) shows the bulk [Z(separation)] and surface [Z(catalysis)] charge separation efficiencies for these samples in the voltage region occurring before their dark current onset. The bulk charge separation efficiency for backside illumination is higher for all the samples presumably due to higher electron transport. This efficiency for 650 1C is higher than doped samples (750 1C) in spite of J abs of 750 1C being higher which motivated us to work at this temperature to effectively tackle the problem of bulk recombination.
While the 650 1C samples achieved the highest bulk charge separation efficiency, the 750 1C sample had the highest surface charge transfer efficiency under both front and backside illuminations. This suggested that the surface properties of 750 1C samples were much better than the 650 1C samples. Hence, to improve the surface kinetics of the 650 1C samples, for which surface recombination was the limiting factor, surface passivation of hematite nanorods was performed and the results discussed in the following section.
Surface passivation of Fe 2 O 3 nanorods using an ALD grown TiO x overlayer
As the Z(separation) was the highest for 650 1C samples, this means that bulk recombination was minimum under backside illumination. For the 650 1C samples, the challenge was to increase the surface charge transfer efficiency, represented as Z(catalysis), which reflects on the surface recombination of photogenerated holes with surface defects or traps present on the semiconductor/electrolyte interface. Many surface passivation strategies have been used with hematite and other types of photoanodes, such as CoF 3 , 20 Al 2 O 3 , 21 Ga 2 O 3 , 22 SnO 2 15 and
ZnO. 23 These additions to the semiconductor surfaces have been effective in enhancing hole injection into the electrolyte by passivating surface defects or changing hole transfer kinetics resulting in a cathodic shift in the onset potential and enhancing the photocurrent density. Recently, TiO x coated Fe 2 O 3 nanorods have been reported by Li et al. 24 which yielded enhanced performance as compared to pristine nanorods.
Here, we employed a TiO x overlayer using the Atomic Layer Deposition (ALD) technique to understand its role in charge transport under both front side and backside illuminations. The ALD technique allows a precise control of a thin overlayer with similar geometry to the base material, in this case, nanorods. Tetrakis(di methyl amido)titanium (TDMATi) and H 2 O precursors were alternately pulsed onto the FeOOH nanorods under the conditions mentioned in Section S1 (ESI †). This resulted in a very thin overlayer of TiO x , of around 5 nm. Due to high temperature annealing at 650 1C for 5 h, Fe atoms diffused into the overlayer and Ti atoms diffused inwards which resulted in a very thin overlayer of Fe x Ti y O z (B8 nm) on the top of Fe 2 O 3 . 24 The methodology for ALD coated hematite nanorods from the earlier reports by Li et al. 24 was followed and the in-detail morphological characterization was obtained by FESEM. The images obtained for the coated thin films (shown in Fig. S8 , ESI †) showed no significant difference in the dimensions from the pristine nanorods. For both samples, nanorods of around 700 nm in length and a circular cross-section of diameter around 80-100 nm were observed. A High Resolution Transmission Electron Microscopic (HRTEM) image of a crystalline Fe 2 O 3 nanorod and a contrasting overlayer of Fe x Ti y O z (thickness around 8 nm) on top of nanorods is as shown in Fig. S9 (ESI †) . From the interplanar spacing, d = 0.44 nm, it is evident that the conformal layer could be Fe 2 TiO 5 with the (210) lattice plane. The presence of Ti is also corroborated through the EDS spectra as shown in Fig. S9(c) (ESI †). Since the phase of the overlayer is crucial for the further understanding of this system, it should be investigated through other specific characterization tools.
Photoelectrochemical characterization was performed to observe the effect of TiO x coating on the photocurrent density under front and backside illumination as shown in Fig. 8 . After coating with the TiO x overlayer, the photoanode under front side illumination yielded a higher photocurrent of 1.2 mA cm À2 vs. 0.8 mA cm À2 for backside at 1.23 V vs. RHE. This is opposite to the trend observed in the pristine sample and shows the effectiveness of surface passivation in enhancing the hole injection into the electrolyte. The IPCE spectra of coated and pristine thin films are shown in Fig. 8(b) . It shows the IPCE of coated films around 35% and 22% for 380 nm photons under front side and backside illumination, respectively. This is a significant improvement compared with pristine nanorods that exhibit IPCE values of around 5% and 2% for backside and front side illumination respectively for 380 nm photons. This trend is consistent with the photocurrent trends shown earlier. For coated films, the front side IPCE was higher than the backside IPCE, consistent with the photocurrent density, which could be due to the higher absorption exhibited by the former (Fig. 9(a) ). For pristine nanorods, the backside IPCE is higher because the electron transport, which is the driving force for photocurrent under poor hole injection into the electrolyte, is the controlling factor. For coated films, higher absorption in the front side yields higher IPCE probably due to the better hole injection into the electrolyte after surface passivation.
The absorption spectra shown in Fig. 9(a) show that the front side absorption is apparently higher for both pristine and coated films as compared to the back illuminated sample. This is, as mentioned earlier for pristine films, probably due to the higher reflectance by the intervening FTO layer for the back side illuminated sample. The effect of surface passivation could be observed in chopped photocurrent density-potential curves shown in Fig. 9(b) . Anodic and cathodic transients for coated films diminished as compared to the pristine films, indicating that there is no hole accumulation on the surface, and photogenerated holes and electrons participate efficiently in photocurrent as compared to pristine nanorods.
Charge transport in coated nanorods was investigated by performing photoelectrochemical characterization under the influence of a hole scavenger (H 2 O 2 ) as shown in Fig. 10(a) . The photocurrent density was higher for backside illuminated pristine Fe 2 O 3 nanorods than for the front side with H 2 O 2 in the electrolyte, which is similar to the photocurrent trend without H 2 O 2 . On the other hand, the coated nanorods yielded a similar photocurrent under backside and front side illumination. This suggests that after introduction of the hole scavenger, hole injection into the electrolyte no longer limits the photocurrent and, hence, the photons absorbed control the photocurrent. This could be understood by observing the bulk and surface charge transfer efficiency as shown in Fig. 10(b) . The bulk charge separation efficiency, Z(separation), which determines the amount of bulk recombination of charge carriers, suggests that for coated films, backside efficiency is higher than the front side efficiency which could be due to J abs which is lower under backside since J H 2 O 2 is similar for both sides. This means that the photogenerated holes are transported to the electrode surface more effectively under backside illumination possibly due to inhibition of the back electron-hole recombination mechanism owing to better electron collection at the back contact. In contrast, the surface charge transfer efficiency is lower for backside suggesting that the hole injection into the electrolyte limits the photocurrent. Another interesting observation is that bulk charge separation efficiency exhibited by both pristine and coated films under backside illumination was similar suggesting that holes reach the surface efficiently. Whereas the limiting factor was the hole injection into the electrolyte due to which the difference in surface charge transfer efficiency, Z(catalysis), was observed under backside illumination. After coating with the TiO x overlayer, Z(catalysis) increased and reached a level as high as 70% at 1.15 V vs. RHE for front side illumination as compared to very low efficiency, of the order of 10%, displayed by the pristine nanorods. This suggests that the performance of pristine nanorods was limited by hole injection into the electrolyte. This is improved after coating TiO x on top of hematite, which substantiates its role as a surface passivating layer. It is to be noted that the region chosen for the efficiency curve is upper bounded by the dark current onset potential and lower bounded by the region where positive photocurrent is observed.
Conclusion
Pristine hematite nanorods were synthesized under different annealing profiles for application as photoanodes in PEC and characterized under front and backside illuminations. Undoped hematite nanorods annealed at 650 1C for 5 h displayed higher photocurrent under backside illumination as compared to the front side due to the better electron transport in the former. Bulk charge separation efficiency was the highest for this system indicating low bulk recombination. This improvement is attributed to good electron extraction to the back contact in thermally activated and crystalline hematite nanorods, while avoiding damage to the morphology or conductivity of the FTO substrates. Hence, this annealing profile of 650 1C, 5 h was used for surface passivation to reduce surface recombination. An ALD grown TiO x overlayer on top of hematite nanorods resulted in an overlayer of Fe 2 TiO 5 (B8 nm) after a solid state reaction at high temperature.
A manifold enhancement in performance was observed after TiO x coating, with the photocurrent reaching around 1.2 mA cm À2 at 1.23 V vs. RHE under front side illumination. It was found that after coating, the front side photocurrent exceeded the backside, which was in contrast to the trend in pristine nanorods where the significant backside photocurrent was mainly driven by electron transport. Through the evaluation of IPCE and charge separation efficiency, it was illustrated that the hole injection into the electrolyte was enhanced due to the overlayer. Moreover, photons absorbed were more efficient in generating photocurrent due to the inhibition of electron-hole recombination.
One of the points of observation is that the light penetration is limited due to the absorption depth being smaller than the length of nanorods. Since the hydrothermal reaction includes both nucleation and growth of nanorods on substrates, it is difficult to control the length of nanorods while keeping their density intact. This could be further explored using the Anodic Aluminum Oxide (AAO) template method or by further optimizing the hydrothermal conditions. While light penetration is a limiting factor in performance of nanorods, it is similar for both front and back side illumination. Hence, the final deciding factor is the electron extraction after the photons are absorbed and converted to charge carriers. This investigative study is helpful in the understanding of charge transport in hematite nanorods under front and backside illumination. It also highlights a sequential improvement in their performance through the inhibition of bulk and surface recombination reactions.
